The strong flows of relativistic electrons, encountered in high power short pulse laser plasma interaction, have the potential to drive Weibel instability producing short wavelength magnetic fields. The presence of a Langmuir wave couples the Weibel instability to two electrostatic wave sidebands. The density perturbations due to the sidebands couple with the oscillatory electron velocity due to the pump to produce a current that enhances the growth rate of Weibel instability. The thermal spread of the energetic (drifting) electrons, however, reduces the growth rate.
Introduction
Recent experiments [1] [2] [3] [4] [5] [6] [7] and PIC simulations [8] of the interaction of high power short pulse laser with underdense plasmas have revealed strong flows of relativistic electrons with energies up to a few tens of MeV and large thermal spread. The studies are relevant to fast ignitor concept of fusion [10] , where an intense laser pulse passes through an underdense plasma and its relativistic self-channelling is accompanied by a high-energy (multi MeV) electron beam that propagates in the direction of the laser [11] [12] [13] . This equilibrium, however, is liable to Weibel instability [9] that may produce low scale length magnetic fields. The theory of Weibel instability under different conditions has been reported in literature [17] [18] [19] [20] . Ferrante et al [21] have, recently, reported the theory of Weibel instability for a plasma interacting with an ultra-short laser pulse. Taguchi et al [22] have reported the simulation results of a 2D code where a cylindrical solid hot electron beam propagating in a high density plasma evolves into a hollow, annular beam due to Weibel instability and generates strong magnetic field on both sides of annular ring. The ring subsequently breaks up into several beamlets. Sentoku et al [23] have also reported the result of 2D PIC simulation of magnetic instability by the relativistic electron stream. They show that the kinetic effects of electrons on the magnetic instability to reduce the growth rate.
High power laser plasma interactions invariably produce large amplitude Langmuir waves through a variety of parametric processes e.g. two plasmon decay, decay instability and Raman scattering [14] [15] [16] . Annou et al [24] have studied the effect of a large amplitude plasma wave on Weibel instability in a beam plasma system ignoring relativistic and thermal effects of the electron beam. The electromagnetic perturbation couples to the plasma wave to give rise to two sideband plasma waves. The latter in turn couple with the plasma wave pump and produce a current enhancing the electromagnetic perturbation. The plasma wave thus enhances the growth rate of the Weibel instability. The enhancement is larger at shorter wavelengths. In this paper, we develop a kinetic theory of Weibel instability in a laser produced plasma in the presence of a large amplitude Langmuir wave. The plasma has a component of electrons drifting with relativistic velocities and having a large thermal spread. In section 2, we study the linear response of electromagnetic perturbation. In section 3, we consider the presence of Langmuir wave and derive the growth rate of Weibel instability. and has a finite thermal spread. The plasma electrons are also warm at temperature T e . We perturb the equilibrium by an electromagnetic field
Linear response to electromagnetic perturbation
The response of electron beam to E and B fields is governed by the Vlasov equation. Writing the distribution function as
is the equilibrium distribution function and f L is due to perturbation, the linearized Vlasov equation turns out to be
where −e is the electron charge. We take f 0 0 of the form
where
T h is the temperature of hot electrons and m is the electron rest mass. From equation (2), we obtain
The current density due to beam electrons can be written as J Lb = −e vf L dp x dp y dp z .
Using equation (4) in (5) 
The response of plasma electrons can be deduced from beam response by taking v 0 0b = 0 and replacing beam parameters by the plasma electron parameters,
miωẑ .
The total current density in the plasma is
Effect of large amplitude Langmuir wave
Now, we consider a large amplitude Langmuir wave in the plasma with electrostatic potential
The Langmuir wave gives rise to an oscillatory velocity to electrons and causes density perturbation of plasma and beam electrons. For beam and plasma electrons, the perturbed velocities and densities are
The quantities with subscript b refer to the electron beam whereas those without a subscript refer to plasma electrons. The non-linear coupling between the density perturbation of Langmuir wave and the electron quiver velocity due to E and B fields produce two sidebands at ω 1,2 = ω ± ω 0 and k 1,2 = kx ± k 0ẑ , whose electrostatic potentials are written as
These sidebands perturb the density of beam electrons. The density perturbations due to the sidebands couple with the oscillatory electron velocity due to the pump to produce a non-linear current. The perturbed density of beam electrons n 1b and n 2b due to φ 1 and φ 2 are obtained by solving the kinetic equation
Integrating equation (11), we obtain
The perturbed densities are n 1b,2b = f 1,2 dp x dp y dp z .
Using equation (12) in (13), we obtain
The linear response of plasma electron to φ 1,2 is
is the plasma electron susceptibility. The Langmuir wave and sideband waves produce a non-linear current density at (ω, k)
Using equations (7) and (16) in the wave equation for E
and replacing ∇ by i k one obtains the non-linear dispersion relation of Weibel instability
where (17) (18) are
where .
The imaginary part of ω is the growth rate ( ) of the Weibel instability. It may be noted that in the absence of a pump wave i.e. |v 0 | 2 = 0 (or = 0), the growth rate of equation (19) reduces to
In the presence of the Langmuir wave we solve equation ( figure 1 , It is observed that the Langmuir wave enhances the growth rate of magnetic perturbation (Weibel instability). In figure 2 we have shown the variation of growth rate with p th /p 0 . The growth rate is reduced with increase in the thermal spread of the electron beam. In figure 3 we have plotted the growth rate as a function of γ 0b , the dimensionless energy of the electron beam. The growth rate initially increases with the drift velocity of the beam electrons, attains a maximum and then decreases slowly at large drift velocity. This could be attributed to the increase in relativistic mass of beam electrons, which makes them slow thereby decreasing the beam current. 
Conclusion
Langmuir wave has a destabilizing influence over the Weibel instability. The effect is significant when oscillatory electron velocity due to the Langmuir wave pump v 0 cω pb /k x v th . Thermal broadening of the electron beam reduces the growth rate. The increase in the electron drift energy enhances rate up to γ 0b = 1.5, beyond which it saturates. The Weibel instability is likely to be accompanied by two stream instability that produces a plasma wave of wave number k ≈ ω p /v 0b . For a cold electron beam the instability has a growth rate ∼ √ 3/2ω p (n 0 0b /2n 0 0 ) 1/2 . It falls down with thermal spread of the beam drastically. PIC simulations, however, have not clearly indicated the existence of two stream instability in the high intensity short pulse laser plasma interaction.
